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We report on the coupling of a single nitrogen-vacancy (NV) center in a nanodiamond to a fiber-
based microcavity at room temperature. Investigating the very same NV center inside the cavity
and in free space allows us to systematically explore a regime of phonon-assisted cavity feeding.
Making use of the NV center’s strongly broadened emission, we realize a widely tunable, narrow
band single photon source. A master equation model well reproduces our experimental results and
predicts a transition into a Purcell-enhanced emission regime at low temperatures.
PACS numbers: 42.50.Pq, 42.50.Ct, 42.81.Qb, 61.72.jn
The coupling of single color centers in diamond, such
as nitrogen-vacancy(NV) [1] or silicon-vacancy (SiV) [2]
centers, to an optical microcavity is considered an es-
sential building block for applications in quantum infor-
mation [3–5] or magnetometry [6]. For NV centers, the
cavity coupling can be employed for an efficient readout
of the spin state, e.g. via enhanced spontaneous emis-
sion [7], enhanced absorption [6] or state-dependent cav-
ity reflection [8]. Recent years have witnessed a large
progress in coupling color centers to microcavities, e.g. in
hybrid approaches combining diamond nanocrystals and
nondiamond cavities (for a review see [4]) or integrated
all-diamond schemes (e.g. [9, 10]).
We here demonstrate a new hybrid approach by cou-
pling a single NV center located in a diamond nanocrys-
tal to a fiber-based Fabry-Perot cavity [11, 12] operated
at room temperature. Such a cavity type has recently
been employed for coupling to quantum dots [13, 14] and
ensembles of NV centers [15]. The cavity consists of a
plane dielectric mirror onto which nanodiamonds (NDs)
are spin-coated and an optical fiber facet which has been,
prior to deposition of a dielectric multilayer coating, laser
machined to yield a concave imprint [12]. This open-
access setup has several advantages: the emission is au-
tomatically fiber coupled, the cavity can be easily tuned
and the emitter-cavity coupling can be continuously var-
ied.
Usually, the NV center’s broad emission bandwidth
spanning over 100 nm is considered a drawback for cou-
pling to narrow cavity modes: in such a case one does not
expect a Purcell enhancement of spontaneous emission as
only a fraction κ/γ⋆ of the emission couples to the cavity
mode. The Purcell factor then can be approximated as
F ≈ [4g2/(κγ)]κ/γ⋆ = 4g2/(γγ⋆) where g is the emitter-
cavity coupling rate, κ the cavity loss rate, γ the emitter’s
natural linewidth and γ⋆ the homogeneously broadened
linewidth. For the NV center at room temperature γ⋆
typically is many orders of magnitude larger than g, thus
F ≪ 1. As a consequence the cavity would only exert a
spatial and spectral filtering on the NV center emission.
Nevertheless, we show here that one can use the strong
broadening as a resource for cavity coupling [16] be-
yond simple filtering effects. As the NV emission lines
(zero phonon line (ZPL) and phonon side-bands (PSBs))
at room temperature are predominantly broadened by
phonon scattering, we here explore a regime of emission
feeding from a broad, off-resonant emitter into a nar-
row cavity mode mediated by pure dephasing [16]. In
this regime the cavity does not alter the emitter’s life-
time, but the emission is efficiently channeled into the
cavity mode. This phonon-assisted coupling regime has
been explored theoretically [16–18] and investigated ex-
perimentally [19–22] for the case of semiconductor quan-
tum dots. However, as opposed to many solid state sys-
tems, we can here investigate the very same individual
NV center’s emission both into free space and cavity cou-
pled. Our system therefore is an ideal test bench to study
the phonon-assisted coupling regime.
The cavity setup is shown in Fig. 1. The coating
on the plane mirror is designed to yield a reflectivity
R = 99.995% at the NV ZPL wavelength (≈ 640 nm)
and less than 5% at 532 nm. Further, it is optimized
such that the field amplitude is maximal at the ND po-
sition. The coating on the fiber is designed to provide
R = 99.9% at 640 nm and R = 99.99% at 532 nm such
that the dominant output channel for NV photons is into
the fiber. The measured finesse of the cavity is up to
F = 3500 at 640 nm. For wavelengths > 680 nm the
finesse decreases rapidly due to increased transmissions
of the coatings. The imprint on the facet has a radius
of curvature of 71.6 µm, a diameter of 20.6 µm, a maxi-
mal depth of 1.9 µm and a surface roughness < 0.2 nm.
Onto the plane mirror a solution containing NDs (diam-
eter < 100 nm) is spin coated. Because of their size and
occasional agglomeration NDs in the cavity induce addi-
tional scattering losses leading to a reduced finesse (for
details see Supplemental Material [23]).
The mirror is mounted on a translation stage equipped
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FIG. 1. Cavity Setup: Fabry-Perot cavity consisting of a
concave mirror on a fiber facet and a plane mirror onto which
NDs have been spin coated. For further details see text.
with piezo-stepper motors allowing for lateral positioning
of the mirror. The fiber is glued onto a home-built piezo-
driven flexure mount to control the cavity length. The
NV center is excited with a laser at 532 nm through the
plane mirror using a microscope objective (100×, N.A.
0.55). The emission from the cavity is collected via the
fiber and sent, after filtering out residual pump laser
light, either to a Hanbury Brown-Twiss (HBT) interfero-
meter or a spectrometer.
To characterize the NV center’s emission into free
space outside the cavity the fiber is replaced by a sec-
ond microscope objective (100×, N.A. 0.8) in front of
the mirror to collect the fluorescence. By laterally scan-
ning the plane mirror we identify NDs containing single
NV centers confirmed by g(2) measurements (see below).
Figure 2(a) displays the spectrum of the single NV center
showing the ZPL at 639 nm and the PSB. To gain infor-
mation on the PSB structure the spectrum is fitted with
8 Lorentzians [23]. To evaluate the emitter’s brightness
we perform a saturation measurement and obtain a sat-
uration count rate of I∞ = 2.9 × 10
5 counts/s [detected
in the spectral window 650 − 750 nm, corresponding to
a spectral density of ≈ 4.5 photons/(s GHz)] and a satu-
ration power of Psat = 0.46 mW.
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FIG. 2. (a) Room-temperature emission spectrum of a single
NV center in a ND on a plane mirror. The spectrum has been
fitted with 8 Lorentzian lines. (b) Model of the NV center
with n vibronic ground states |gi〉 and one excited state |e〉.
Broadening of the lines is due to spontaneous emission (γi),
pure dephasing (γ⋆) and emission of phonons (γi,i−1).
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FIG. 3. (a) Open squares: Intensity correlation g(2)(τ ) mea-
surements at different excitation powers P for a single NV
center on a plane mirror outside the cavity. The curves
are shifted vertically by 1 each for better visibility. P =
0.32×, 0.65×, 1.1×, 2.2×, 3.3×, 4.3×, 6.5×, 8.7×, 10.9×,
15.2×Psat from bottom to top. Lines: Fit curves of g
(2)(τ ) =
1 − (1 + a)e−|τ |/τ1 + ae−|τ |/τ2 . (b) Triangles: g(2) measure-
ments at different excitation powers with the same NV center
as in (a) inside the cavity. P = 0.25×, 0.51×, 0.84×Psat from
bottom to top. Lines: Fit curves with the same function as
in (a). (c) - (e) Squares and triangles: Model parameters a,
τ1, τ2 obtained from the fits in (a) and (b). Solid line: Theo-
retical dependence of model parameters on excitation power.
To verify the presence of a single NV center and to de-
duce its population dynamics the intensity correlation
g(2)(τ) = 〈: I(t + τ)I(t) :〉/〈I(t)〉2 is measured with
the HBT interferometer at different excitation powers as
shown in Fig. 3(a). The measured data is fitted with
g(2)(τ) = 1 − (1 + a)e−|τ |/τ1 + ae−|τ |/τ2, the form ex-
pected for a three level system [1, 2]. The obtained fit
parameters τ1, τ2, a are shown in Figs 3(c)-(e). From the
limiting values of these parameters we estimate the rates
of the NV center population dynamics yielding a theo-
retical power dependence of the parameters τ1, τ2 and
a [1, 2] as shown by the solid lines in Figs. 3(c)-(e) [23].
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FIG. 4. Cavity emission spectrum at effective cavity lengths
(a) l = 3.5 µm and (b) l = 3.1 µm. FSR denotes the free
spectral range, TEM00 the fundamental transversal modes.
The smaller modes at shorter wavelengths are higher order
transversal modes.
3After free-space characterization we investigate the
same emitter (confirmed by a lateral scan of the mir-
ror) coupled to the fiber cavity. We record the cavity
emission spectra from the output of the fiber for two
different cavity lengths of l = 3.5 µm [Fig. 4(a)] and
l = 3.1 µm [Fig. 4(b)]. The effective cavity lengths
have been calculated from the free spectral range. Due
to scattering losses induced by the ND the finesse is
only F ≈ 940 corresponding to a linewidth (FWHM)
of δν ≈ 46 GHz. In Fig. 4(a) [Fig. 4(b)] the fundamental
TEM00 cavity mode is tuned to a spectral position close
to the NV ZPL (PSB maximum). Saturation measure-
ments of the emission into the fundamental mode yield
I∞ = 770(3700) counts/s and Psat = 0.72(0.46) mW for
l = 3.5(3.1) µm. Since the photons are emitted into the
narrow cavity linewidth [δν ≈ 46(90) GHz] we yield a
high spectral photon density > 17(41) photons/(s GHz)
at the ZPL (PSB) wavelength which is significantly larger
compared to the NV center emission into free space
[≈ 4.5 photons/(s GHz)]. This clearly proves cavity-
enhanced emission beyond simple spectral filtering. This
is even more evident if one additionally takes into account
spatial filtering: the combined filtering effects would yield
saturation count rates ≈ 2 photons/s, 2 − 3 orders of
magnitude smaller than the observed rates [23]. The
measured spectral photon densities are comparable to
the brightest emission of a single NV center reported
so far [24]: 2.4 × 106 counts/s into ∆ν ≈ 60 THz cor-
responds to 40 photons/(s GHz). As discussed above,
the enhanced emission furthermore cannot be explained
by a standard Purcell enhancement: for our parameters
g = 1.1 GHz, γ = 35 MHz and γ⋆ = 15 THz we expect
F ≈ 10−2. This is confirmed by the experiment: The
intensity correlation of the cavity emission (Fig. 3(b),
recorded at l = 3.5 µm) with g(2)(0) < 0.5 proves that
indeed a single NV center is coupled to the cavity mode
and by again deducing the parameters a, τ1, τ2 from g
(2)
functions at different pump powers [see Figs. 3 (c)-(e)]
we find that the internal dynamics are not modified by
the cavity coupling.
Thus, our system must operate in a different cou-
pling regime where the emitter’s homogeneous broad-
ening helps channeling emission into the cavity mode.
We make use of the strong broadening by demonstrating
tuning of the cavity over several longitudinal modes via
continuously varying the mirror separation. At different
cavity lengths l = n×λ/2, where n is a fixed longitudinal
mode number, we record the intensity of the fundamental
TEM00 mode using a spectrometer. Figigure 5(a) exem-
plarily shows a tuning spectrum for n = 17, i.e. a se-
quence of successively recorded TEM00 peaks. The area
under each TEM00 peak which is proportional to the pho-
ton rate emitted from the cavity is displayed as a function
of wavelength for n = 9− 17 in Fig. 5(b). Note that due
to residual reflectivity of the coatings also the excitation
laser at 532 nm builds up a standing wave inside the
cavity leading to a strong modulation of mode intensi-
ties. As an important result we observe single photon
emission into the cavity mode over a very broad spectral
range, thereby realizing a continuously tunable, narrow
band single photon source.
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FIG. 5. (a) Intensity of TEM00 mode for fixed longitudinal
mode number n = 17 at different effective cavity lengths l =
n × λ/2. (b) Dots: Area of each TEM00 peak proportional
to the photon count rates for n = 9− 17. Lines: Normalized
count rates as obtained from the rate model.
To explain our experimental results we expand a mas-
ter equation model [16] for solid-state emitter-cavity cou-
pling. For the NV center we assume, in analogy to [7],
a simplified level scheme as depicted in Fig. 2(b), con-
sisting of one excited state (|e〉) and n vibronic ground
states (|g0〉, . . . , |gn〉), the energies of which are given by
the position of the Lorentzians fitted to the spectrum
of Fig. 2(a). The spontaneous decay rate on the ZPL
(|e〉 → |g0〉) is denoted by γ0; on the PSB (|e〉 → |gi〉)
by γi. At room temperature there are two dominant line
broadening mechanisms: first, all transitions are equally
subject to phonon scattering which can be described by a
pure dephasing rate γ⋆; second, the PSBs experience an
additional radiative broadening γi,i−1 due to the short
lifetime of the vibrational levels |gi〉. From the fit to
Fig. 2(a) we obtain γ⋆ = 15 THz and γi,i−1 in the range
65 − 88 THz. This level scheme represents a simplified
description of the NV center PSB spectrum [25] but suf-
fices to adequately account for the contributions of the
individual transitions to the cavity coupling.
The coupling of the optical transitions to the cavity
mode is described by a Jaynes-Cummings Hamiltonian:
HˆJC =
n∑
i=0
~ωiσˆi,i + ~ωZPLσˆe,e + ~ωcaˆ
†aˆ
+i~
n∑
i=0
gi(aˆ
†σˆi,e − σˆ
†
i,eaˆ) (1)
where ~ωi, i = 0, 1, . . . , n are the level energies (and ω0 ≡
0), ωZPL is the ZPL transition frequency, ωc is the cavity
resonance frequency, gi are the cavity coupling rates, aˆ
(aˆ†) are cavity photon annihilation(creation) operators
4and σˆn,m are transition (n 6= m) or population (n = m)
operators. Assuming Markov approximation the master
equation for the coupled system is:
ρ˙ =
i
~
[
ρ, HˆJC
]
+Lcavdamp+L
at
damp+L
at
GSRelax+L
at
deph (2)
taking into account cavity loss with a rate κ (Lcavdamp),
loss of polarization (Latdamp) and broadening effects as dis-
cussed above (LatGSRelax + L
at
deph). The master equation
can be used to calculate the full time evolution of popu-
lations and coherences. At room temperature, however,
line broadening dominates all other rates and coherences
can be adiabatically eliminated leading to a rate equation
system [23]. In analogy to [16] the rate equations’ dynam-
ics are governed by effective coupling rates between the
emitter’s transition and the cavity mode:
R0 =
4g20
κ+ γ + γ⋆
1
1 +
(
2δ0
κ+γ+γ⋆
)2 (3a)
Ri =
4g2i
κ+ γ + γi,i−1 + γ⋆
1
1 +
(
2δ1
κ+γ+γi,i−1+γ⋆
)2 (3b)
where i = 1, . . . , n, γ = γ0+γ1+. . .+γn and δi = ωi−ωc.
For fast cavity decay κ >> γ,Ri we determine the emis-
sion efficiency Pi of each transition as ratio of the emis-
sion coupled into the cavity to the total NV emission:
Pi = Ri/(γ +
∑n
j=0 Rj), i = 0, . . . , n. If the cav-
ity is tuned to any arbitrary wavelength λ within the
NV emission spectrum, the total emission into the cavity
mode is the sum of contributions from ZPL and all PSB:
Ptot(λ) =
∑
i Pi(λ) =
∑
iRi(λ)/
(
γ +
∑
iRi(λ)
)
.
All the parameters of our model can be determined ex-
perimentally [23]. The model can be used to predict abso-
lute emitted photon numbers for a cavity mode tuned to
a fixed wavelength [as in Figs. 4(a),(b)]. With efficiencies
Ptot = 1.37%(3.35%) derived from the model for effective
cavity lengths l = 3.5(3.1) µm we predict count rates of
530(3200) s−1 which favorably compares to the satura-
tion measurement results I∞ = 770(3700) s
−1. In the
prediction we included the wavelength-dependent output
coupling into the fiber [23]. Similarly, the rate equa-
tion model qualitatively describes the tuning spectra of
Fig. 5(b). We first calculate the efficiencies Ptot(λ) for
emission at different wavelengths for the given cavity pa-
rameters. Figure 6(a) shows that at room temperature
Ptot(λ) only varies slightly over the NV emission spec-
trum. Secondly, we have to take into account the modu-
lation due to the excitation light standing wave and the
wavelength dependence of finesse and outcoupling from
the cavity to the fiber mode. From a simultaneous fit to
all data of Fig. 5(b) we determine a loss rate of 0.54%
due to scattering from the ND [23].
The full master equation model furthermore can be
used to predict the low-temperature coupling dynam-
ics of the NV center and fiber cavity. When - for de-
creasing temperatures - the total ZPL linewidth (γ0 +
γ⋆) approaches the cavity linewidth a transition from
dephasing-assisted emission to Purcell-enhanced emis-
sion occurs. Figure 6(b) shows this transition as a vari-
ation of emission efficiency Ptot(λZPL) at the ZPL wave-
length and the NV center spontaneous emission lifetime
as a function of the pure dephasing rate. For large γ⋆
we recover the room-temperature situation where the
emission lifetime is only slightly modified and the emis-
sion efficiencies are in the range of a few percent. For
γ⋆ < 10 GHz, the lifetime drastically reduces by a factor
of ≈ 3 and up to 65% of the NV emission are channeled
into the cavity mode. Figure 6(a) shows that the emis-
sion enhancement is effective only at the ZPL position
whereas the PSB emission is almost unaltered.
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FIG. 6. (a) Simulated emission efficiency Ptot(λ) as a func-
tion of wavelength for two dephasing rates, γ⋆ = 15 THz
(dashed line) and γ⋆ = 30 GHz (solid line), corresponding to
room and cryogenic temperatures, respectively. (b) NV spon-
taneous emission lifetime and emission efficiency Ptot(ZPL)
at the ZPL wavelength as a function of the pure dephasing
rate γ⋆. For both (a) and (b) κ = 77 GHz (F = 3500) and
l = 9/2 × λ.
In summary, by employing a fiber-based microcavity
we have explored phonon-assisted cavity feeding, a cou-
pling scheme previously unknown for the NV center in di-
amond. At any given wavelength within the NV emission
spectrum the ZPL and all phonon sidebands contribute
to the cavity emission enabling the demonstration of a
widely tunable, narrow band single photon source. The
single photon emission efficiency and tuning spectra are
well described by a theoretical model taking into account
the NV center phonon broadening. For low temperatures
our model predicts a transition into the Purcell regime
where up to 65% of the NV emission would be channeled
into the cavity mode for our given experimental param-
eters. Currently, the cavity finesse is limited by scat-
tering losses from the ND. By employing smaller NDs
an increase in finesse by a factor > 10 should be possi-
ble, enabling schemes for cavity-enhanced spin measure-
ments [8] or creation of entangled states [26]. The large
photon collection efficiency of the coupled NV-cavity sys-
tem could also boost protocols for heralded entanglement
of remote qubits [27]. On the other hand, the cavity mode
volume can be reduced significantly to values as small as
5≈ 0.6 µm3 by fabricating mirrors with radii of curvature
down to 5 µm, accessible by focused ion beam milling.
Together with a finesse of F = 10000 this would enable a
widely tunable narrow (10 GHz) room-temperature sin-
gle photon source with count rates > 105 counts/s.
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